Abstract-Differential Phase Shift Keying (DPSK) modulation format has been shown as a robust solution for next-generation optical transmission systems. One key device enabling such systems is a delay interferometer, converting the phase modulation signal into the intensity modulation signal to be detected by the photodiodes. Usually, a standard Mach-Zehnder interferometer (MZI) is used for demodulating a DPSK signal. In this paper, we develop an MZI which is based on all-fiber Multimode Interference (MI) structure: a multimode fiber (MMF) with a central dip, located between two single-mode fibers (SMFs) without any transition zones.
INTRODUCTION
Differential Phase Shift Keying (DPSK) is an attractive modulation format for next-generation optical transmission systems since it exhibits high tolerance to chromatic dispersion and robustness to nonlinear effects. Besides these advantages, it also offers an improved receiver sensitivity by balanced detection. In DPSK communications, one key device enabling to convert the differential phase information into intensity modulation information to be detected by the photodiodes is a delay interferometer, such as Mach-Zehnder interferometer (MZI). Usually, MZI is used for demodulating DPSK signals because of its simple structure. In recent years, allfiber MZI is proposed to take place of the standard MZI for improving the performance. It is not only used for measurement of temperature, pressure, flatness of plane optical plates, thickness of thin film, coherence length of a laser [1] [2] , but also used in optical communication systems, such as DPSK demodulator [3] [4] [5] [6] . However, in the DPSK demodulation scheme proposed in [3] , there is one problem of stability due to the two beams go through two different paths. For further improving the performance of all-fiber MZI, several schemes are proposed recently. In [4] , a MZI based on a special step-index multimode fiber (MMF) is proposed to demodulate a 10 Gbps DPSK signal. In [5] , a photonic crystal fiber based MZI for DPSK signal demodulation is presented. In this scheme the device is fabricated by mismatch splicing a PCF between two standard single mode fibers (SMFs).
All-fiber based MZI is appealing due to its properties of low-cost, simple-design and easy-implementation. In this paper we propose an all-fiber Multimode Interferencebased MZI (MI-MZI) based on a MMF with a central dip, for DPSK signals demodulation. Compared with the schemes proposed in [4] and [5] , our proposed scheme not only reduces the cost, but also improves the receiver performance.
In our previous work, a MI-MZI device has been investigated for demodulating a 10 Gbps DPSK signal [6] . In this work we further study the application for demodulating a 40 Gbps DPSK signal. Power distribution in the MMF is studied and the impact of interference extinction ratio of MI-MZI on the receiver performance is also discussed in this paper. The paper is organized as follows. The theory of MI-MZI is presented in Section II. Experimental results are shown and discussed in Section III. In Section IV we present the simulation structure for demodulating DPSK signals and discuss the simulation results. Finally, the conclusions are presented in section V.
II. THEORY
The modal interference process is a well known phenomenon and it had been studied by many authors [7] [8] [9] [10] [11] [12] . Based on this principle we can make an interferometer as a MZI. The structure of the MI-MZI is shown in Fig. 1(a) where only core fibers are drawn. The structure is composed of a multimode region located between two single-mode regions without any transition zones. This passive device has been made with just a multimode fiber (50/125m) spliced between two single-mode fibers (9/125m). Moreover, a simple connector (with a matched liquid index to avoid reflection interfaces) can be employed to couple single-mode and multimode fibers without any fusion. Both configurations have been employed by us and similar results have been obtained [8, 10] . Compared with the standard MZI, as shown in Fig.  1 (b), which obtains a time delay through the difference of the two physical paths, the MI-MZI obtains a time delay from time difference for both modes passing through the MMF transmission path. This can reduce the effect caused by the external environment, such as temperature, and improve its stability.
Assuming that the SMF and the MMF are ideally aligned, due to the circular symmetry of the input field, only the symmetrical modes LP 0k will be excited in the MMF when light travels from SMF to MMF. These modes propagate with different propagation constants and they will interfere with each other along the direction of propagation. The light power coupled into the SMF-output fiber depends on the relative phase difference at the end of the multimode fiber (L). According to [1, 2] , the power coupled into the second SMF can be written as:
where E in is the normalized input field and , are the the normalized eigenmodes which are determined by the refractive profile of the MMF. c k is the coupling coefficient between the input mode and the excited mode.
is the propagation constant of each excited mode. The MMF we studied in this work is the graded-index with a central dip, as shown in Fig. 2 . According to (1), we can calculate the power distribution along the propagation direction, as shown in Fig. 3 .
Although many modes will be excited and propagate in the MMF, most of the power is coupled into the first two circular symmetrical modes LP 01 and LP 02 since these two modes have similar azimuthal symmetry and the phase mismatch are minimized. In comparison with the gradedindex MMF and step-index MMF, graded-index MMF with a central dip will reduce the input power coupled into the excited fundamental mode LP 01 and increase power coupled into the second circular symmetrical mode LP 02 . This effect will increase the interference extinction ratio, making the device working as a quasi-MZI. Although some power is still coupled into other high-order modes, these modes will not seriously affect the interference between modes LP 01 and LP 02 . The transmission is periodic with respect to the frequency and is usually represented by a comb-filtering spectrum as depicted, i.e., in Fig. 5 . The spacing ∆λ between the adjacent constructive peaks (destructive valleys) can be written as [13] : where n 01 and n 02 are the effective index of modes LP 01 and LP 02 , , respectively. is the beat length of the MMF [14] . From (2) we can see that it is possible to adjust the separation between peaks by changing the length of the MMF.
The difference of propagation constants of the two beating modes can be written as: where a is the core radius, λ is the wavelength in vacuum, is the maximum refractive index of the core and is the refractive index of the cladding.
The transmission spectrum of this MI-MZI can be described as follows:
where T 1 and T 2 are the intensity of the two modes LP 01 and LP 02, respectively. L is the length of the MMF. ∆ is the difference of propagation constants of modes LP 01 and LP 02 . Combining with the (2), the time delay between two modes can be defined by the following function:
Here we define another parameter which is called delay coefficient ∆ . It is corresponding to the time delay in a one-meter MMF. It can be described as:
We can see that the delay coefficient of the MI-MZI is only determined by the effective index difference ∆ between two modes, which is governed by the MMF profile.
III. EXPERIMENTAL RESULTS
The experimental setup used for measuring the transmission spectrum is shown in Fig. 3 . In the experiment a white light is used as the light source since it has a very wide spectrum from 0.4 µm to 1.62 µm. The MMF has a profile as shown in Fig. 2 . Its diameters of core and cladding are 50 µm and 125 µm, respectively. The maximum refractive index of core is 1.473 and the clad is 1.4567. Finally, a spectrum analyzer is used to observe and record the transmission spectrum.
In order to observe the spacing ∆ between adjacent constructive peaks (destructive valleys) changing with the length of MMF, we use two different lengths of MMFs (12 cm and 63.5 cm). The experimental results are shown in Fig. 5 . It can be seen that increasing the length of MMF from 12 cm to 63.5 cm leads to a decreasing of spacing ∆ from 6.7 nm to 1.45 nm. These results are in agreement with the theory which requires that the spectral period should be inversely proportional to the length of the MMF. Fig. 5 also shows that the outline of the transmission spectrum oscillates with the frequency. This indicates that some high-order modes are excited and propagating in the MMF. This result also agrees with the theory. According to (7) , it can be calculated that the delay coefficient of the 
IV. MI-MZI FOR DPSK SIGNALS DEMODULATION
Considering the MI-MZI as a delay line interferometer (DI), it can be directly used for demodulating DPSK signals. The schematic diagram of MI-MZI for DPSK signals demodulation is shown in Fig. 6 . We follow it to build a simulation system. In order to observe the relationship between the receiver's sensitivity and the interference extinction ratio of the proposed MI-MZI, a tunable laser is used in the simulation. A Mach-Zehnder modulator (MZM), which is driven by a 40 Gbps DPSK data stream, is used to modulate the light to generate a 40 Gbps optical NRZ-DPSK signal. The MMF used in the simulation has the profile as shown in Fig. 2 (red line) . It can be calculated that the length required for generating 25 ps time delay between two modes is 2.89 m. The transmission spectrum of MI-MZI with MMF of 2.89 m is shown in Fig. 7 . Finally, a photodiode is used to detect the demodulated signal and a bit error rate (BER) analyzer is used to analyze the performance of the received signal.
From the transmission we can calculate that the spacing ∆ is 0.33 nm and the delay coefficient of this fiber model is 8.3 ps/m. These values are very close to the results got from the experiment. It demonstrates that this fiber model is the right model for taking place of the real fiber. Thus, the simulated results based on this fiber model have significant meaning to the real conditions.
The simulation results are shown in Fig. 8 . The inset of eye diagram shows a relatively open eye which can provide error-free operation. The sensitivity of our proposed receiver in wavelength of 1550 nm is about -22.3 dBm at a BER of 10 -15 and about -23.8 dBm at a BER of 10 -9 . Compared with the typical DI DPSK receiver [15] , which is built with two fiber couplers, our proposed receiver has about 0.6 ± 0.2 dB power penalty. This penalty is caused by several aspects, such as the loss in the MMF, and the low interference extinction ratio between the two modes. The interference extinction ratio depends on two factors. One is the power difference of the two beating modes. From (4) we know that the power difference is smaller, the interference extinction ratio is higher. The other factor is other high-order modes are excited and propagating in the MMF. Although the gradedindex MMF with a central dip will reduce power difference between two beating modes, some other high-order modes, such as LP 03 and LP 04 , are also excited and propagating in the MMF.
The simulation results also show that the sensitivity will be aggravated with the interference extinction ratio decrease. The power penalty is more than 3 dB when the extinction ratio is lower than 4 dB. This is the limitation of the MI-MZI based receiver.
V. CONCLUSION
We have demonstrated a MI-MZI, which is based on a graded-index MMF with a central dip between two SMFs. In this structure the excited fundamental (LP 01 ) and first order symmetry (LP 02 ) modes are propagating in the MMF with different phase constants. These two modes interfere with each other along the direction of propagation and the light power coupled into the SMF-output fiber depends on the relative phase difference at the end of the MMF. Thus, we can obtain an interference pattern at the exit of the second SMF. The experimental results are in agreement with the theory and a delay coefficient of 8.7 ps/m is obtained. Finally, a simulation of using the MI-MZI to demodulate a DPSK signal is done. The simulation results show that MI-MZI based DPSK receiver has similar performance as the typical DI receiver, but with about 0.6 ± 0.2 dB power penalty at wavelength of 1550 nm. However, compared with the all-fiber MZI based DPSK receiver proposed in [4] and [5] , our receiver not only cost less, but also shows better performance.
Since the design of MI-MZI is low cost and easily manufactured, it will be used widely in many optical applications in the future, such as using as filters or temperature sensors. Moreover, with the proper design it also can be used as WDM multiplex and demultiplex.
